Abstract. To simulate pulse wave propagation, we set up a wave propagation model using blood-wall interaction in previous work. In this paper, our purpose is to investigate wall stress and deformation of the wave propagation model. The finite element method is employed for solving the governing equations of blood and wall. Our results suggest that there are two peaks in the circumferential stress and strain distributions of the normal model. The stress and strain values change with the varieties of different factors, such as wall thickness and vessel diameter. The results indicate that different parameters of fluid and tube wall have remarked impact on wall stress and deformation.
Introduction
It is a common phenomenon that wave propagates in a tube. The wave propagation in arteries has a lot of specializations and is different from that in other tubes. Pulse waves have been also investigated widely as well as hemodynamics [1] [2] [3] [4] [5] . Pulse wave propagation in arteries is an important issue. It is a fact that non-destructive evaluation can be performed using pulse wave. Though pulse wave propagation has been investigated experimentally [6] , it seems that it is little considered in numerical simulation.
The compliance of blood vessel wall makes blood flow and vessel wall interact each other. Blood flow dynamics induces the deformation of vessel wall, whereas the wall deformation affects blood flow. The advances of computer performance and numerical technologies make numerical simulation of fluid-structure interaction possible. The application background of fluid-structure interaction in arteries is to forecast and evaluate aneurysm rupture thoroughly from the viewpoint of both fluid and solid mechanics. The role of compliant arterial wall has been quite concerned. Thus, a simple method of finding the role is to compare with the condition of rigid wall. According to the method, the same conclusion has been drawn by many researchers, that is, wall shear stress is decreased by the compliance of arterial wall through fluid-structure interaction [7] [8] [9] .
Mechanical properties of arterial wall and hemodynamics have been investigated numerically through fluid-wall interaction [10] [11] [12] [13] [14] . The work of the blood-wall interaction mainly focuses on blood flow distributions and wall deformation. Li [15] investigated the flow field and stress field for different degrees of stenoses through fluid-structure interaction. Borghi [16] performed a fluid-solid interaction simulation in thoracoabdominal aneurysms to investigate the role of flow patterns and internal wall stress on the pathology. Khanafer [17] analyzed pulsatile turbulent flow characteristics in an axisymmetric aortic aneurysm model using fluid-structure interaction. The similar study could be found in the work of Tang [18] , Wolters [19] , Li [20] and Scotti [21] .
The analysis of wall stress and deformation in pulse wave propagation is still lacking. The purpose of this paper is to investigate wall stress and deformation based on the constructed wave propagation model. The topic of pulse wave propagation and flow distributions has been included in our previous papers [22, 23] . Figure 1 . The elastic wall has a thickness of 2 mm and the blood domain has a diameter of 20 mm. The each length of three segments is set to be 300 mm.
The mathematical model

Blood and wall models
Boundary conditions
We specify a time-dependent velocity profile at the inlet (Figure 2 ), a zero normal traction at the outlet and no-slip boundary conditions at the wall. According to the proposition of Weydahl and 
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Moore Jr [24] and Lu, et al. [25] , the initial conditions are set to be zero. One end of the blood vessel is entirely fixed and the other end is free. The velocities, displacements and normal stresses of fluid and wall at the fluid-wall interface should be guaranteed to be equal.
Numerical implementation
The blood-wall interaction algorithm based on a finite element method is constructed [22] . The whole domain of blood is discretized by 59370 four-node cells, and the wall is discretized by 9000 eight-node cells respectively. Numerical experiments are performed using more cells to evaluate grid independence. It is found that more cells do not induce obvious differences in results. We calculate three cycles with time interval of 0.01s to achieve convergent and steady solutions. The details can be referred to our previous papers [22, 23] .
Results
The wall stress and strain in two locations (L=360 mm and 540 mm) are presented. L is the exact location away from the inlet.
The normal model
The model in Figure 1 is called as the normal model. The circumferential stress distributions in this model are shown in Figure 3(a) . It can be seen that the stress distributions of different locations are almost identical. The stress values decrease gradually along the tube length. The wall stresses are caused by the fluid pressure. It is well known that circumferential stress and strain are directly related to the remodeling of arterial wall and affect the structure and physiological function of arterial wall. Therefore in the study the circumferential stresses and strains of the inner wall are concerned. The relationship between the stress and strain is linear-elastic. Thus the strain distributions are similar to the stress distributions (Figure 3(b) ). 
The thickened wall model
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Based on the normal model, we have an increase of 2 mm in wall thickness in order to study the effects of elastic wall on stress and deformation. Thus, the new wall thickness is 4 mm. It is seen that the circumferential stress distributions do not change in contrast to the normal model (Figure 4(a) ). But the stress peak values are lower while the stress bottom values are higher. Thus the stress amplitude is narrower. Similarly, the strain amplitude is also narrower (Figure 4(b) ).
The thinned vessel model
The vessel diameter is reduced from 20 mm to 16 mm but the wall thickness keeps constant at the meantime. Thus, the thinned vessel model is obtained. Compared with the normal model, the decrease of the vessel diameter does not also change the circumferential stress distributions (Figure 5(a) ). However the stress peak values are lower while the stress bottom values are higher. As a result, the stress amplitude is narrower. The strain amplitude is likewise narrower (Figure 5(b) ). 
Discussion
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Under the normal condition, it is found that there are two peaks in the circumferential stress distributions. Despite of the conditions, the stress values decrease gradually along the tube length. The stress and strain distributions are not changed by the varieties of wall thickness and vessel diameter. However the stress values are significantly changed by different influence factors. The strain distributions are the same as the stress distributions. Therefore the strain values also change when the influence factors alter. It is found that the characteristics of wall stress and deformation change with variation of properties of arterial wall and blood. These results are consistent with experimental observation [26] . Hence, the changes of wall stress and deformation may cause abnormal arterial tissue and structure. The changes of these factors such as wall thickness and vessel diameter are linked to the relevant pathologies. Therefore they have actual significations. In this model, rigid parts are used at the two ends in order to simulate the process of wave propagation. Also, since the blood flow imposes large pulse pressures on the wall, large deformation by hyperelasticity is better to be used to model the change. The vessel wall is also found to be anisotropic with two families of fibers inside. These factors will be considered in our future work.
Conclusions
Wall stress and deformation in the wave propagation model have been performed numerically. Effects of parameters of tube wall and fluid on wall stress and deformation have been investigated and discussed in detail. The stress and strain values change with the varieties of different factors, such as wall thickness and vessel diameter. The results suggest that different parameters of fluid and tube wall have remarked impact on wall stress and deformation.
